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GermanyABSTRACT Regulation by covalent modification is a common mechanism to transmit signals in biological systems. The modi-
fying reactions are catalyzed either by two distinct converter enzymes or by a single bifunctional enzyme (which may employ
either one or two catalytic sites for its opposing activities). The reason for this diversification is unclear, but contemporary theo-
retical models predict that systems with distinct converter enzymes can exhibit enhanced sensitivity to input signals whereas
bifunctional enzymes with two catalytic sites are believed to generate robustness against variations in system’s components.
However, experiments indicate that bifunctional enzymes can also exhibit enhanced sensitivity due to the zero-order effect,
raising the question whether both phenomena could be understood within a common mechanistic model. Here, I argue that
this is, indeed, the case. Specifically, I show that bifunctional enzymes with two catalytic sites can exhibit both ultrasensitivity
and concentration robustness, depending on the kinetic operating regime of the enzyme’s opposing activities. The model pre-
dictions are discussed in the context of experimental observations of ultrasensitivity and concentration robustness in the uridy-
lylation cycle of the PII protein, and in the phosphorylation cycle of the isocitrate dehydrogenase, respectively.INTRODUCTIONDetection and transmission of biological information often
involves reversible covalent modification of specific
amino-acid residues in a target protein. Intriguingly, there
exist two regulatory architectures for this purpose: Either
modification and demodification are catalyzed by two
distinct converter enzymes or they are carried out by a single
bifunctional enzyme (Fig. 1). It has been proposed that a
possible advantage of locating two opposing activities on
a single protein might lie in the opportunity to simulta-
neously regulate both activities, e.g., through allosteric
effectors (1,2).
As of this writing, the two architectures for covalent
modification cycles (CMCs) are associated with different
paradigms concerning their steady-state behavior. Specif-
ically, Goldbeter and Koshland (3) argued that CMCs with
distinct converter enzymes can exhibit enhanced sensitivity
to input signals, known as zero-order ultrasensitivity
(ZOUS). In contrast, a bifunctional design of the converter
enzyme is believed to compromise the ability to generate
ultrasensitivity (4). Instead, bifunctional enzymes appear
to exhibit a particular form of robustness, which makes
the system’s output invariant against changes of the system’s
components such as total concentrations of substrate and
converter enzymes (5,6). To characterize this type of robust-
ness, Shinar and Feinberg (7) introduced the notion of abso-
lute concentration robustness (ACR). They also formulated
sufficient conditions for its occurrence in a theorem that pro-
vides a rationale for experimental observations of ACR in
bifunctional enzyme systems (8–10).Submitted July 1, 2013, and accepted for publication September 13, 2013.
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0006-3495/13/10/1925/9 $2.00In view of these results, it is interesting to note that the
first report for an enhanced sensitivity actually came from
studies with a bifunctional enzyme system (11): The
reversible phosphorylation of the isocitrate dehydrogenase
(IDH) by the isocitrate dehydrogenase kinase/phosphatase
(IDHKP) in Escherichia coli (Fig. 1 A). The IDH is involved
in the regulation of the glyoxylate bypass that helps prevent
the loss of carbon atoms if the bacterium grows on two-
carbon sources such as acetate. Under such conditions,
LaPorte et al. (8) observed a remarkable robustness of the
IDH activity with respect to changes in total IDH concentra-
tion. Later, this observation has been interpreted as a form of
ACR (6). Hence, the bifunctional IDH/IDHKP system has
been associated with both, ZOUS and ACR, raising the
question whether both phenomena could be understood
within a common mechanistic model. Moreover, from a
theoretical point of view the experimental observations of
ZOUS in the IDH/IDHKP system and, more recently, in
the PII/UTase system (Fig. 1 B) remain obscure, as it is un-
clear to what extent the Goldbeter-Koshland (GK) model,
which explicitly assumes the existence of distinct converter
enzymes, can be applied to bifunctional enzyme systems.
Also, simple extensions of the GK model, based on bifunc-
tional enzymes with a single catalytic site, fail to predict
ZOUS (4,12).
To explain the unusual robustness in the IDH/IDHKP
cycle, Shinar et al. (6) proposed a mechanistic model based
on the assumption that the bifunctional converter enzyme
has two distinct catalytic sites, which allows for the forma-
tion of a ternary complex between the enzyme and its two
substrates. A similar model has been employed by Hart
et al. (13) to rationalize the observed concentration robust-
ness mediated by the bifunctional adenylyltransferase inhttp://dx.doi.org/10.1016/j.bpj.2013.09.010
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FIGURE 2 Ultrasensitivity in the Goldbeter-Koshland model. (A)
Elementary reaction steps in the Goldbeter-Koshland model: The intercon-
version between unmodified (S) and modified (S*) substrate is catalyzed by
distinct converter enzymes (denoted as K and P). Cofactors such as ATP are
assumed to be constant. (B) Steady-state solution exhibiting ultrasensitivity.
(Solid line) Positive solution of the quadratic equation in Eq. 4 for ε¼ 0.01.
(Dashed lines) Approximate solution in Eq. 5.
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FIGURE 1 Examples of bifunctional enzyme systems. (A) Reversible
phosphorylation of the isocitrate dehydrogenase (IDH) by the isocitrate
dehydrogenase kinase/phosphatase (IDHKP) (1). K and P denote kinase
and phosphatase activities of the IDHKP, respectively. (B) Reversible uridy-
lylation of the PII protein by the uridylyltransferase (UTase) (30). UT and
UR denote uridylyltransferase and uridylyl-removing activities of the
UTase, respectively. (C) Reversible adenylylation of the glutamine syn-
thetase (GS) by the adenylyltransferase (ATase) (22). (D) Reversible phos-
phorylation of fructose-6-phosphate (F6P) to fructose-2,6-bisphosphate
(F2,6BP) by the mammalian 6-phosphofructo-2-kinase/fructose-2,6-
bisphosphatase (23). (Arrowheads) Inhibition (activation) of the respective
enzyme activity, either by an allosteric effector (A–C) or through covalent
modification (D).
1926 Straubethe nitrogen assimilation system of E. coli. Here, I study the
Shinar model in a more general setting, which shows that
CMCs with a bifunctional converter enzyme can be
described by the same effective equation as CMCs with
distinct converter enzymes if the bifunctional enzyme ex-
hibits two catalytic sites. The analysis of the resulting
steady-state equation yields a refinement of the conditions
leading to concentration robustness in the IDH/IDHKP
cycle, which supports the view that the phosphatase activity
of the IDHKP operates in the zero-order regime whereas its
kinase activity remains of first order, in agreement with
experiments (8,11). In contrast, comparison of the model
predictions with steady-state measurements in the PII/
UTase system suggests that the bifunctional UTase operates
in the ultrasensitive regime. Together, these results provide a
unified perspective for understanding how sensitivity and
robustness can arise within a single mechanistic model.THEORY
Ultrasensitivity in the Goldbeter-Koshland model
For later comparison it will be helpful to recall how ultra-
sensitivity arises in the Goldbeter-Koshland model (3),
which is based on the reaction mechanism shown in
Fig. 2 A. It describes the interconversion between the un-
modified (S) and the modified form (S*) of a substrate mole-
cule by a pair of opposing converter enzymes (K and P). For
definiteness, one may think of K and P as a kinase and a
phosphatase, respectively. In that case, S and S* would
correspond to the unphosphorylated and the phosphorylated
form of the target protein. Under the assumption that theBiophysical Journal 105(8) 1925–1933substrate concentration is much larger than the concentra-
tion of the converter enzymes, i.e., ST[ max (KT, PT),
the dynamics of [S*] is described by the following differen-
tial equation (3)
d½S
dt
zk1KT
ST  ½S
K1 þ ST  ½S  k2PT
½S
K2 þ ½S; (1)
where K1 ¼ (k1 þ k1)/kþ1 and K2 ¼ (k2 þ k2)/kþ2 denote
the Michaelis-Menten constants of the kinase and the phos-
phatase, respectively. Under steady-state conditions (d[S*]/
dt ¼ 0), Eq. 1 leads to the quadratic equation
½S2  ½S

ST þ aK2 þ K1
1 a

þ aK2ST
1 a ¼ 0; (2)
where a is given by a ¼ k1KT/k2PT.
A hallmark of the GKmodel is that it can generate steady-
state response curves with a switch-like transition from
the off-state ([S*]  ST) to the on-state ([S*] z ST) if
the converter enzymes operate in saturation, i.e., if
max(K1,K2)  ST. To see this more explicitly, it is conve-
nient to set K1¼ K2h K and to introduce the dimensionless
quantities
x ¼ ½S

ST
and εh
K
ST
 1; (3)
through which Eq. 2 becomesx2  x

1þ ε 1þ a
1 a

þ ε a
1 a ¼ 0: (4)
Under the condition ε  1 (saturation of the converter
enzymes), the solution of this quadratic equation can be
approximated by (see the Supporting Material)
xz
8><
>>:
ε
a
1 a; 0<a<1
1 ε 1
a 1; 1<a;
(5)
Sensitivity and Robustness 1927i.e., for a < 1, the fraction of modified substrate is low
(x ~ O(ε)), whereas for a > 1, this fraction approaches
unity (x ~ O(1))—implying a sharp transition near a ¼ 1
(Fig. 2 B), which is the essence of the zero-order effect.RESULTS
Concentration robustness in the Shinar model
Shortly after the first report on an enhanced sensitivity in the
IDH/IDHKP system by LaPorte and Koshland (11), LaPorte
et al. (8) made another interesting observation in the same
system. They found that under growth on acetate the con-
centration of the unphosphorylated (catalytically active)
form of IDH remained nearly constant even if the total
IDH level was increased 15-fold. Naturally, one would
expect that, as the total substrate concentration increases,
both the concentration of the modified form of the substrate
as well as the concentration of the unmodified form of the
substrate increase proportionally. To explain the unusual
robustness in the IDH/IDHKP system, Shinar et al. (6) pro-
posed a mechanistic model which assumes that the IDHKP
(E) has two distinct catalytic sites (Fig. 3 A): One for the
phosphorylated (Ip) and another one for the unphosphory-
lated (I) form of IDH. Importantly, this allows for the forma-
tion of a ternary complex (I – E – Ip), which represents the
mechanistic origin for the emergence of robustness in that
model system.A B
C D
FIGURE 3 Concentration robustness in bifunctional enzyme systems.
(A) Model proposed by Shinar at al. (6) to explain the occurrence of concen-
tration robustness in the IDH/IDHKP system. I (Ip) denotes unphosphory-
lated (phosphorylated) forms of IDH whereas E corresponds to the
bifunctional IDHKP. Both substrates are assumed to bind independently
to the enzyme. (B–D) Steady-state curves (solid lines) according to Eq. 9
for K1 ¼ 10 mM, a ¼ 0.2 (B and C), IT ¼ 2 mM (D), and K2 as indicated.
(Dashed lines) Approximate solutions in Eq. 10 (B and D) and Eq. 11.
(Note that solid and dashed lines partially overlap.) (C). (Arrows) Satura-
tion points (see text for details).To motivate the extensions of the Shinar model to be dis-
cussed below, I will recall the main steps of its derivation. To
facilitate the analysis, Shinar et al. (6) considered a simpli-
fied mechanism (Fig. 3 A, gray-shaded part) based on the
assumptions that:
1. The ternary complex forms in an ordered fashion and
2. That it has no phosphatase activity (k02 ¼ 0). Balancing
phosphorylation and dephosphorylation rates leads to
the steady-state relation
k1½I  E þ k01½I  E IP ¼ k2½E IP; (6)
where the enzyme-substrate complexes can be expressed
in terms of the enzyme and substrate concentrations as
½I  E ¼ ½E½I
K1
;
½E IP ¼ ½E½IP
K2
;
½I  E IP ¼ ½E½I½IP
K1K2
(7)
and Ki ¼ (ki þ ki)/kþi denotes the Michaelis-Menten
constants associated with the kinase (K1) and the phos-
phatase (K2) activities. Because, under physiological
conditions, the IDH concentration is much larger than
that of the IDHKP (14), one can neglect the concentra-
tions of the enzyme-substrate complexes in the conserva-
tion relation for the substrate, leading to
ITz½I þ ½IP: (8)
Combining Eqs. 6–8 yields the quadratic equation (compare
to Eq. 27 in Shinar et al. (6)),
½I2  ½IðaK1 þ K2 þ ITÞ þ aK1IT ¼ 0; ahk2
k1
; (9)
where I have assumed that the kinase activity of the ternary
0complex is the same as that of the binary complex (k1¼ k 1).
To see how concentration robustness arises from Eq. 9, I
shall consider two limiting cases: If K2  aK1, the physio-
logically reasonable solution of Eq. 9 can be approximated
by (see the Supporting Material)
½Iz
8>><
>>:
IT

1 ε
aK1=IT  1

; IT<aK1
aK1

1 ε
1 aK1=IT

; IT>aK1;
(10)
where ε ¼ K2/IT  1 is assumed to be sufficiently small.
From the expression in Eq. 10 it is apparent that [I] increases
almost linearly up to a saturation point (defined by IT ¼
aK1), and it remains approximately constant beyond that
point ([I] z aK1). Hence, for IT[ aK1 the concentration
of the unphosphorylated (catalytically active) form if IDH
becomes independent of the total concentration of IDH,Biophysical Journal 105(8) 1925–1933
1928 Straubei.e., it exhibits concentration robustness with respect to
variations in substrate abundance (Fig. 3 B). Because the
expression in Eq. 10 is also independent of the total IDHKP
concentration, the unphosphorylated form of IDH also ex-
hibits concentration robustness with respect to variations
in enzyme abundance.
In the opposite case, K2[ aK1, one can expand the exact
solution of Eq. 9 to first order, which leads to
½I ¼ aK1 þ K2 þ IT
2
 
1
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 4aK1ITðaK1 þ K2 þ ITÞ2
s !
z
aK1IT
aK1 þ K2 þ IT :
(11)
Hence, in this case [I] still exhibits concentration robustness
with respect to total IDH and total IDHKP. However, the
saturation point, beyond which the asymptotically constant
concentration is reached, is shifted from aK1 to K2, i.e.,
[I]z aK1 for IT[ K2. Also, the approach to the saturation
point is hyperbolic with respect to IT (Fig. 3 C) instead of
linear, as predicted by Eq. 10.
An intuitive understanding for the importance of the
ternary complex in generating concentration robustness
can be obtained in the limit when phosphorylation exclu-
sively occurs via the ternary complex, i.e., if k1 ¼ 0 in
Eq. 6. In that case, several factors in the steady-state expres-
sion for the ternary complex ([I – E – Ip] ¼ [E][I][Ip]/K1K2)
and that of the binary complex ([E – Ip] ¼ [E][Ip]/K2)
cancel, and from Eq. 6 one readily obtains that the steady-
state value of [I] ¼ (k2/k01)K1 only depends on kinetic
parameters, but not on the total substrate concentration
from Eq. 6. Hence, in this simplified view concentration
robustness results from the different reaction orders of
binary and ternary complexes.
At this point, it is worth emphasizing that concentration
robustness, as described by Eq. 10, and ultrasensitivity, as
described by Eq. 5, occur with respect to different parame-
ters. Specifically, concentration robustness arises if [I] is
measured as a function of the total substrate concentration
IT (Fig. 3 B), whereas ultrasensitivity arises if [S*] is
measured as a function of the relative enzyme activity a
(Fig. 2 B). In contrast, if regarded as a function of total sub-
strate concentration (ST), Eq. 5 does not yield ultrasensitiv-
ity, but predicts a linear increase of [S*] beyond a ¼ 1.
Similarly, when considered as a function of enzyme activity
(a), Eq. 10 does not yield concentration robustness, but pre-
dicts that, for a[ IT/K1, [I] approaches its maximal value
set by the total substrate concentration (Fig. 3 D), so that
changing the total substrate concentration would also
change [I]. Hence, despite the similarity of the response
curves in Fig. 3, B and D, only Fig. 3 B describes concentra-
tion robustness whereas Fig. 3 D describes a saturation phe-
nomenon due to changes in enzyme activity. However,
measuring [I] as a function of enzyme activity can provideBiophysical Journal 105(8) 1925–1933an indication whether the underlying system may exhibit
concentration robustness (see Concentration Robustness in
the IDH/IDHKP System, below).
Through numerical studies, Shinar et al. (6) have
confirmed that the property to exhibit ACR is preserved in
the mass-action system associated with the full reaction
mechanism in Fig. 3 A, provided that the kinase activity
of the ternary complex is much larger than that of the phos-
phatase (k01 [ k02). However, within their model, it
remains unclear how one might understand the occurrence
of ZOUS in the IDH/IDHKP system as observed experimen-
tally by LaPorte and Koshland (11).Ultrasensitivity in the Shinar model
To see how the full reaction mechanism shown in Fig. 3 A
may give rise to ultrasensitivity, one has to relax the condi-
tions leading to Eq. 9 (ordered binding of substrates and
k02 ¼ 0). The resulting system can be analyzed by means
of a rapid equilibrium approximation, which requires that
the catalytic rate constants be much smaller than the disso-
ciation rate constants, i.e.,
max

k1; k2; k
0
1; k
0
2
 mink1 ; k2 :
Under the condition IT[ ET, the dynamics of [I] can be
approximated by (see the Supporting Material)
d½I
dt
zET
k2ðIT  ½IÞ
KD2

1þ k
0
2
k2
½I
KD1

 k1½I
KD1

1þ k
0
1
k1
IT  ½I
KD2


1þ ½I
KD1

1þ IT  ½I
KD2
 ;
(12)
where Michaelis-Menten constants are now replaced by
 þdissociation constants KDi ¼ k i/k i for i ¼ 1,2. Note that
the steady-state equation describing concentration robust-
ness (Eq. 9) is readily recovered for k1 ¼ k01 and k02 ¼ 0
if one substitutes Ki4 KDi (i ¼ 1,2).
However, under the alternative assumption that the activ-
ities of the ternary complex are equal to those of the binary
complexes (k1 ¼ k01 and k2 ¼ k02), Eq. 12 reduces to
d½I
dt
zET

k2
IT  ½I
KD2 þ IT  ½I  k1
½I
KD1 þ ½I

: (13)
Apparently, this equation becomes identical with Eq. 1 if
one sets KT ¼ PT ¼ ET and applies the substitutions
½S4½I;
ST4IT ;
K24KD1;
K14KD2:
(14)
Hence, if both enzyme activities operate in the zero-order
regime, so that max(KD1, KD2)  IT, bifunctional enzymes
Sensitivity and Robustness 1929with two catalytic sites can generate ultrasensitivity in the
same way as predicted by the Goldbeter-Koshland model
for distinct converter enzymes (Fig. 2 B).
Some interesting conclusions can be drawn from the
structure of Eqs. 12 and 13:
1. The terms proportional to k01 and k02 in the numerator of
Eq. 12 would be absent if the bifunctional enzyme had
only a single catalytic site. In that case, ultrasensitivity
is lost and the steady-state concentration of [I] would
be given by ½I ¼ IT~a=ð1þ ~aÞ with ~a ¼ ðKD1=KD2Þa.
2. Even if the activities of the ternary complex are equal to
those of the binary complexes (k1 ¼ k01 and k2 ¼ k02), the
system may exhibit concentration robustness if the phos-
phatase activity is saturated whereas the kinase activity
remains within the linear regime, i.e., if
KD2  IT  KD1: (15)
Under this condition, one can linearize the expression for
the kinase reaction rate in Eq. 13 resulting in the steady-
state equation
½I2  ½IðaKD1 þ KD2 þ ITÞ þ aKD1IT ¼ 0: (16)
Interestingly, this equation becomes identical with Eq. 9
derived by Shinar et al. (5,6) if Michaelis-Menten con-
stants are replaced by dissociation constants (Ki 4
KDi). Hence, rationalizing the observed robustness in
the IDH/IDHKP system does not necessarily require
the phosphatase activity of the ternary complex (k02) to
be zero (as assumed in the derivation of Eq. 9). An alter-
native explanation would be that the IDHKP operates as a
first-order kinase and as a zero-order phosphatase, which,
in fact, coincides with the original explanation given by
LaPorte et al. (8).
3. From the similarity between Eqs. 1 and 13, one might get
the impression that the GK model also has the potential
to exhibit ACR. This is, however, not the case. Under the
condition K1  ST  K2, which is obtained from that in
Eq. 15 through the substitutions in Eq. 14, the steady-
state equation for [S*] in Eq. 1, indeed, becomes similar
to that for [I] in Eq. 16,
½S2  ½SðaK2 þ K1 þ STÞ þ aK2ST ¼ 0;
a ¼ k1KT
k2PT
:
(17)
Hence, under the condition K1  aK2, the concentration
of S* becomes approximately constant for ST[ aK2
(compare to Eq. 10). However, because the value of
this constant [S*] z aK2 still depends on the total con-
centrations of the converter enzymes (through a) [S*]
does not exhibit concentration robustness with respect
to variations in total enzyme abundances. In contrast,
for a bifunctional enzyme, a becomes independent of
the ratio KT/PT because KTh PT (see Eq. 9).Comparison with experiments
Concentration robustness in the IDH/IDHKP system
For a direct comparison between the predictions of Eq. 16
with experimental observations of ZOUS and/or ACR in
the IDH/IDHKP system, it is necessary to extend the mech-
anism shown in Fig. 3 A by accounting for allosteric regula-
tion of the IDHKP. To observe ultrasensitivity, LaPorte and
Koshland (11) used the metabolic intermediate 3-phospho-
glycerate (3PG) to change the activities of the IDHKP
from a kinase-dominated state at low 3PG concentrations
to a phosphatase-dominated state at high 3PG concentra-
tions. Similar to other effectors of the IDHKP (14), binding
of 3PG exerts reciprocal effects on the IDHKP activities
(Fig. 1 A) by inhibiting its kinase activity and, concomi-
tantly, increasing its phosphatase activity. The particular
binding site of 3PG to the IDHKP does not seem to be
known so that, for simplicity, I assume that 3PG binds
noncompetitively leading to the extended mechanism in
Fig. 4 A. However, the essential kinetic parameters have
been measured (see Fig. 4 legend). In particular, the
model accounts for the fact that the kinase-dominated state
(K) exhibits basal phosphatase activity (k2
b z 0.1k2), even
in the absence of 3PG. In general, the phosphatase-domi-
nated state (P) may also exhibit basal kinase activity,
although in the IDH/IDHKP system it appears to be low
(k1
bz 0).
Analysis of the extended reaction mechanism by means
of a rapid equilibrium approximation yields an effective dif-
ferential equation for [I] that is similar to that in Eq. 13 (see
the Supporting Material)
d½I
dt
z
ðKPÞT
1þ ½3PG
Kd

k2
IT  ½I
KD2 þ IT  ½I  k1
½I
KD1 þ ½I

; (18)
where (KP)T and [3PG] denote the total concentrations of
the converter enzyme and the allosteric effector, respec-
tively. The steady-state equation resulting from Eq. 18
becomes identical with that of the GK model (Eq. 2) if
one applies the substitutions in Eq. 14 and replaces a by
a ¼ k2
k1
h
k2
k1
½3PG
Kd
þ k
b
2
k2
1þ k
b
1
k1
½3PG
Kd
; (19)
where Kd ¼ kd/kþd denotes the dissociation constant for
the enzyme-effector complex. Note that, under the condition
in Eq. 15, the steady-state equation for [I] reduces to Eq. 16,
with a being replaced by a according to Eq. 19.
Fig. 4 B shows that the experimental results (solid cir-
cles), obtained by LaPorte and Koshland under saturating
substrate conditions (IT ¼ 18 mM), are well described by
Eq. 16 (solid line), which supports the view that the
observed concentration robustness in the IDH/IDHKP cycleBiophysical Journal 105(8) 1925–1933
AB
FIGURE 4 Comparison with experiments in the IDH/IDHKP system. (A)
Extension of the mechanism proposed by Shinar et al. (6) (see Fig. 3 A).
Noncompetitive binding of 3PG to IDHKP is assumed to shift the equilib-
rium from a kinase-dominated state (K) to a phosphatase-dominated state
(P). The values k1
b and k2
b denote catalytic rate constants accounting
for basal kinase and phosphatase activity, respectively. (B) Comparison
between model predictions and measurements (solid circles) by LaPorte
and Koshland (11) (data taken from Fig. 3 in LaPorte and Koshland
(11)). (Solid line) Calculated from Eq. 16 with aKD1 ¼ (V2/keff1) ([3PG]/
Kd þ Vb2/V2) (compare Eq. 19 with k1b ¼ 0). Parameter values were taken
from Table 1 (11): V2 ¼ k2ET ¼ 2.5 mM and Vb2 ¼ V2/10, keff1 ¼ k1ET/
KD1 ¼ 0.3/min, Kd ¼ kd/kþd ¼ 1.6 mM, KD2 ¼ 2.6 mM, and IT ¼
18 mM. (Dotted line) Saturation point calculated from aKD1 ¼ IT (see
Eq. 10 and Fig. 3 D).
FIGURE 5 Ultrasensitivity in the PII/UTase system. Comparison
between model predictions (solid and dotted lines) with measurements by
Ventura et al. (18) (solid circles). (Solid line) Calculated using Eqs. 19
and 20 with [3PG] 4 [Gln] and PII,T ¼ 4 mM. (Dotted line) PII,T ¼
12 mM. Kinetic parameters were chosen from Tables S3 and S4 in Ventura
et al. (18): KD1 ¼ k1/kþ1 ¼ 1.1 mM, KD2 ¼ k2/kþ2 ¼ 1.4 mM, Kd ¼ kd/
kþd ¼ 70 mM, k1 ¼ 40/min, k2 ¼ 5/min, kb1 ¼ 0.02k1, and kb2 ¼ 0.2k2.
1930 Strauberesults from the fact that the IDHKP operates as a first-order
kinase and as a zero-order phosphatase—in agreement with
experimental observation (8,11). Note that the overall shape
of the response curve and, in particular, the linear increase
of the IDH concentration at low effector concentrations
(Fig. 4 B) is precisely as expected from Eq. 10, if [I] is
measured as a function of the effective enzyme activity a
(rather than IT). Together, this suggests that LaPorte and
Koshland, indeed, observed indications of concentrationBiophysical Journal 105(8) 1925–1933robustness, rather than ultrasensitivity, in the IDH/IDHKP
cycle.
Ultrasensitivity in the PII/UTase system
The PII/UTase system is part of a signal transduction system
that regulates nitrogen assimilation in E. coli (15). Specif-
ically, the PII protein undergoes reversible uridylylation
by the bifunctional uridylyltransferase (UTase) enzyme,
which is reciprocally regulated by glutamine (Fig. 1 B).
Biochemical studies suggest that glutamine binds to a single
regulatory site in the UTase (16,17), which concomitantly
increases its uridylyl-removing (UR) activity and decreases
its uridylyltransferase (UT) activity. Hence, under nitrogen-
limiting conditions, when glutamine concentration is low,
PII is fully uridylylated due to the action of the UT activity,
whereas under nitrogen excess the UTase exhibits predom-
inantly UR activity, leading to the deuridylylation of the
PII protein. Ventura et al. (18) have shown that the steady-
state uridylylation degree of the PII protein exhibits an
enhanced sensitivity toward changes in the glutamine con-
centration with an effective Hill coefficient of nHz 2.2.
In the wild-type system, the PII protein is a homotrimer,
allowing for multiple covalent modifications that could
potentially contribute to the observed ultrasensitivity in
that system. However, the fact that Ventura et al. (18) ob-
tained an enhanced sensitivity (nH z 2) even with a
mutated, functionally monovalent version of the PII protein
(Fig. 5, solid circles) indicates that the observed ultrasensi-
tivity may result from the zero-order effect rather than from
the trimeric nature of the PII protein. To test this idea, I will
use the same model extension as for the IDH/IDHKP system
(Fig. 4 A and see Fig. S1 in the Supporting Material)
because glutamine has the same regulatory effect on the ac-
tivity on the UTase as 3PG has on the activity of the IDHKP
(Fig. 1, A and B, Table 1). Moreover, mutagenesis and
TABLE 1 Comparison between IDH/IDHKP cycle (Figs. 1 A
and 4 A) and PII/UTase system (Fig. 1 B and see Fig. S1 in the
Supporting Material)
Covalent modification cycle IDH/IDHKP PII/UTase
Unmodified substrate IDH (I) PII (PII)
Modified substrate IDH-P (Ip) PII-UMP (PII
UMP)
Bifunctional converter enzyme IDHKP (KP) UTase (U)
Allosteric effector 3PG Gln
Regulation of enzyme activities K (inhibited) UT (inhibited)
P (activated) UR (activated)
3PG, 3-phosphoglycerate; Gln, glutamine; K, kinase; P, phosphatase; UT,
uridylyltransferase; UR, uridylyl-removing.
Sensitivity and Robustness 1931biochemical studies showed that the UT and the UR activ-
ities are located in different protein domains (17), which
supports the view that the UTase employs two separate cat-
alytic sites for both activities. Furthermore, it is known that
binding of glutamine occurs noncompetitively (16) and that
the UTase exhibits basal UR activity even in the absence of
glutamine (k2
bz 0.2k2). In contrast, UT activity was found
to be substantially reduced when glutamine is bound to the
UTase (k1
b z 0.02k1) (18).
As in the experiments of Ventura et al. (18), I assume that
the substrate concentration (12 mM) is much larger than that
of the UTase (0.6 mM). In that case, the dynamics of the
uridylylated form of the PII protein can be described by a
similar equation as Eq. 18, so that the steady-state equation
for the fraction of PII protein in the uridylylated state
x ¼

PUMPII

PII;T
becomes (see the Supporting Material)x2  x

1þ aKD1 þ KD2
PII;Tða 1Þ

þ KD2
PII;Tða 1Þ ¼ 0; (20)
where PII,T denotes the total PII concentration and a is given
by Eq. 19 with [3PG] being replaced by [Gln]. Choosing
kinetic parameter values in accordance with measure-
ments correctly reproduces the switching point [Gln] z
0.65 mM (defined by a ¼ 1), but results in a higher degree
of ultrasensitivity than observed experimentally (Fig. 5,
dotted line). However, by reducing the total PII concentra-
tion by a factor of three, while keeping the kinetic parame-
ters fixed, the steady-state curve resulting from Eq. 20
can be brought into good agreement with measurements
(Fig. 5, solid line). One reason for this discrepancy could
be that the condition for the validity of the rapid equilibrium
approximation, on which Eq. 20 is based, is not well ful-
filled in the PII/UTase system (see the Supporting Material).
Also, the simple model described by Eq. 20 does not
account for mechanistic effects, such as product inhibition,
which are known to substantially weaken the zero-order
effect (4) and, thus, would reduce the steepness of the
response curve. However, the main intention at this pointis not a detailed modeling of the PII/UTase system, which
has been done in Ventura et al. (18), but to argue that the
observation of ultrasensitivity in the PII/UTase system can
be readily explained by a mechanism which accounts for
the experimental finding that the UTase employs two cata-
lytic sites for its opposing activities (17).DISCUSSION
Biological systems have to operate under changing environ-
mental conditions. To maintain cellular function, the under-
lying signal transduction networks should be sensitive with
respect to perturbations that are important for survival while
remaining robust with respect to those that could potentially
compromise homeostasis. In general, sensitivity and robust-
ness represent system’s properties that are determined by the
network structure as well as by the details of the molecular
interactions between the network components (19). How-
ever, Shinar and Feinberg (7) have recently identified a class
of biochemical reaction networks that exhibit a particular
form of robustness, called absolute concentration robustness
(ACR), which is determined by the network structure alone.
This property, which seems to be linked to bifunctional
enzymes, has been observed experimentally in the phos-
phorylation cycle of the isocitrate dehydrogenase, which
is involved in glyoxylate bypass regulation in E. coli (8),
as well as in bacterial two-component systems (9,10,20).
In each of these cases, ACR manifests itself as a concentra-
tion independence of an active signaling molecule with
respect to changes in the concentration of a system compo-
nent (see also Fig. 3 B).
Apart from being robust, some covalent modification sys-
tems, employing a bifunctional converter enzyme, also seem
to exhibit enhanced sensitivity due to the zero-order effect
(1,18), which raises two related questions: How can zero-
order ultrasensitivity (ZOUS) arise in bifunctional enzyme
systems, and is it possible that ZOUS and ACR can arise
from the same mechanism?
The first question is motivated by the fact that ZOUS is
known to occur in systems with distinct converter enzymes
as predicted by the Goldbeter-Koshland (GK) model (3), but
a bifunctional design of the converter enzyme is actually
believed to compromise the ability to generate ZOUS (4).
Here, I have shown that a positive answer to both questions
is possible if the bifunctional enzyme exhibits two catalytic
sites to carry out its opposing activities. Such a mechanism
has been proposed by Shinar et al. (6) to rationalize the
occurrence of ACR in the IDH/IDHKP system. Through a
reanalysis of this model, I found that the same mechanism
may also account for the observation of ultrasensitivity in
the bifunctional PII/UTase system (Fig. 5). In particular,
this analysis revealed that covalent modification systems,
employing a bifunctional converter enzyme with two
catalytic sites, can be described by the same effective equa-
tion as systems with distinct converter enzymes (compareBiophysical Journal 105(8) 1925–1933
1932 StraubeEqs. 1 and 13), which might explain why previous attempts
to rationalize experimental observations of ultrasensitivity
in bifunctional enzyme systems based on the GK model
were so successful (11,21).
The reanalysis of the Shinar model also showed that the
occurrence of ultrasensitivity and concentration robustness
can be understood within a common mechanistic model,
as described by Eq. 13. Specifically, if both activities of
the bifunctional enzyme operate under saturation, the
system exhibits ultrasensitivity with respect to changes in
enzyme activities, e.g., through allosteric regulation. In
contrast, if only one of the enzyme’s activities operates un-
der saturation while the other one remains within the linear
regime, the system exhibits concentration robustness.
Depending on whether the modification (kinase) or the de-
modification (phosphatase) activity is saturated, concentra-
tion robustness is obtained for the modified form (Ip) or
for the unmodified form (I) of the substrate. In either case,
the concentration of the respective species becomes robust
(independent) with respect to changes in the total substrate
concentration, which may help to compensate cell-to-cell
fluctuations in the total amount of a signaling protein due
to the stochastic nature of gene expression.
After the discovery of bifunctional enzymes (22,23) it
remained largely unknown whether they would employ
one or two catalytic sites for their opposing activities (2).
Through biochemical studies and structural analysis, it has
now become clear that many of these enzymes, such as
the uridylyltransferase (17), the adenylyltransferase (24),
and the mammalian 6-phosphofructo-2-kinase/fructose-
2,6-bisphosphatase (25), indeed exhibit two catalytic sites,
which suggests that ZOUS and/or ACR might be observed
more generally in bifunctional enzyme systems. Indeed,
Hart et al. (13) recently observed ACR in the nitrogen
assimilation system of E. coli. They argued that the
observed robustness results from the formation of a ternary
complex between the bifunctional adenylyltransferase and
its multimeric substrate glutamine synthetase, which indi-
cates that having two, instead of one, catalytic site might
be advantageous for bifunctional enzymes involved in
cellular regulation.
Despite the fact that the IDH/IDHKP system was the first
bifunctional enzyme system where ACR has been observed,
there is an ongoing controversy about the underlying mech-
anism. On the one hand, there is the model proposed by
Shinar et al. (6), which assumes the existence of two inde-
pendent binding sites on the IDHKP and attributes the
observed robustness to the formation of a ternary complex
between the IDHKP and its substrates (Fig. 3 A). Moreover,
I have shown here that a simple extension of this model can
readily reproduce the experimental data of LaPorte and
Koshland without any parameter fitting (Fig. 4 B). On the
other hand, Zheng and Jia (26) recently provided evidence
that the two activities of the IDHKP occur on a single cata-
lytic site—in apparent contradiction with the assumption ofBiophysical Journal 105(8) 1925–1933two substrate binding sites. Based on this finding, Dexter
and Gunawardena (27) have then proposed an alternative
model for the IDH/IDHKP system, which additionally
accounts for the experimental observation that IDHKP
only binds to IDH dimers. Hence, this mechanism also
allows for ternary complex formation, but now between
one IDH dimer and two IDHKP enzymes. Based on an alge-
braic invariant, Dexter and Gunawardena (27) argued that
this mechanism may also generate ACR under certain con-
ditions. However, according to the kinetic parameters they
have used to support their argument, ACR is predicted to
occur for almost equal KM values for the kinase and the
phosphatase activities, which is not compatible with the
observation of LaPorte et al. (8), according to which
the IDHKP operates as a zero-order phosphatase and as a
first-order kinase. Hence, it seems that arriving at a conclu-
sive answer for the mechanism underlying the observed
robustness in the IDH/IDHKP system is not possible at
the time of this writing.
Recently, Straube and Conradi (28) have shown that, in
covalent modification systems with distinct converter
enzymes, reciprocal regulation of the converter enzymes
may lead to bistability. Given that reciprocal regulation is
quite common in bifunctional enzyme systems (Fig. 1),
one might speculate whether bifunctional enzymes with
two catalytic sites can not only generate ultrasensitivity
(Fig. 5), but also exhibit bistability. Although direct experi-
mental evidence for such a behavior is missing to date (20),
it has been shown that enzyme-catalyzed reactions with a
random substrate binding mechanism (see Fig. 3 A) can
potentially lead to bistability (29).
In summary, the results presented here suggest that, under
well-mixed conditions, bifunctional enzymes with two cat-
alytic sites are to some extent similar to systems with two
distinct converter enzymes, which justifies our using the
same effective equation for the dynamics of both systems
under certain conditions (see Eqs. 1 and 13). However,
they also indicate that a bifunctional design of the converter
enzyme has certain advantages, because it can potentially
exhibit both sensitivity and robustness, depending on the ki-
netic operating regime of the enzyme’s opposing activities.SUPPORTING MATERIAL
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